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  ABSTRACT. The spinel cobalt oxide Co3O4 is a magnetic semiconductor containing cobalt 
ions in Co2+ and Co3+ oxidation states. We have studied the electronic, magnetic and bonding 
properties of Co3O4 using density functional theory (DFT) at the Generalized Gradient 
Approximation (GGA), GGA+U, and PBE0 hybrid functional levels. The GGA correctly 
predicts Co3O4 to be a semiconductor, but severely underestimates the band gap.  The GGA+U 
band gap (1.96 eV) agrees well with the available experimental value (~ 1.6 eV), whereas the 
band gap obtained using the PBE0 hybrid functional (3.42 eV) is strongly overestimated.  All the 
employed exchange-correlation functionals predict 3 unpaired d electrons on the Co2+ ions, in 
agreement with crystal field theory, but the values of the magnetic moments given by GGA+U 
and PBE0 are in closer agreement with the experiment than the GGA value, indicating a better 
description of the cobalt localized d states. Bonding properties are studied by means of 
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Maximally Localized Wannier Functions (MLWFs).  We find d-type MLWFs on the cobalt ions, 
as well as Wannier functions with the character of sp3d bonds between cobalt and oxygen ions. 
Such hybridized bonding states indicate the presence of a small covalent component in the 
primarily ionic bonding mechanism of this compound. 
 KEYWORDS.  DFT, hybrid functionals, Wannier functions, transition metal oxides. 
 
1. Introduction 
In the current search for new efficient catalysts for water oxidation, tricobalt tetraoxide, Co3O4, 
has emerged as a particularly promising material for various applications in energy and 
environment-related areas.1-4 In particular, significant progress toward artificial photosynthetic 
systems has been achieved using nanostructured Co3O4 to catalyze water oxidation under mild 
conditions.1 Co3O4 is also an efficient catalyst for methane combustion2 and CO oxidation at low 
temperatures,4 and has been used as the anode material of lithium-ion batteries and as a gas 
sensor.3   
Despite these important technological applications, the amount of available information on 
Co3O4 is still limited. Co3O4 crystallizes in the cubic normal spinel structure (space group 3Fd m ) 
which contains cobalt ions in two different oxidation states, Co2+ and Co3+.  These are located at 
the interstitial tetrahedral (8a) and octahedral (16d) sites, respectively, of the close-packed face 
centered cubic (fcc) lattice formed by the oxygen ions (see Fig. 1).  In a simplified picture, the 
crystal fields at the 8a and 16d sites split the five degenerate atomic d orbitals into two groups, 
leading to 3 unpaired d electrons on Co2+, while all the d electrons of Co3+ are paired (see Fig. 2). 
As a result, the Co3+ ions are not magnetic, whereas the Co2+ ions carry a magnetic moment. 
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Experimentally, Co3O4 is a paramagnetic semiconductor at room temperature. It becomes 
antiferromagnetic below TN ~ 40 K,5 where the antiferromagnetism is mainly due to the weak 
coupling between nearest neighbor Co2+ ions. The conductivity is usually p-type at low 
temperature and intrinsic at high temperature;6 measured values of the band gap are around 1.6 
eV.7,8  
 
FIG. 1. Unit cell (on the left) and primitive cell (on the right) of Co3O4. Light cyan and navy blue 
balls indicate Co2+ and Co3+ ions, red ones indicate O2- ions.  
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FIG. 2. Schematic diagram of crystal field splitting of Co3+ ion in octahedral field (on the left) 
and Co2+ ion in tetrahedral field (on the right).  
 
First principles theoretical studies of the properties of Co3O4 are not numerous,9,10 and the 
bonding mechanism and electronic structure of this material have not been fully elucidated yet. 
The main objective of the present work is to fill this gap, and provide a comprehensive 
theoretical analysis of the structural, electronic, magnetic, and bonding properties of Co3O4 based 
on first principles electronic structure methods. As a transition metal oxide semiconductor with a 
complex atomic and magnetic structure, Co3O4 is quite challenging to describe using ab-initio  
methods. Standard density functional theory (DFT) calculations within the local density 
approximation (LDA) or the generalized gradient approximation (GGA) often severely 
underestimate the band gap due to the delocalization error arising from the incomplete 
cancellation of the Coulomb self-interaction.11 Among the schemes proposed to overcome this 
problem, the DFT+U method12 and hybrid functionals13  have been applied with some success to 
a number of solid-state materials.14 In this work, we investigate the bulk properties of Co3O4 
using both these approaches in conjunction with standard DFT-GGA. We determine the U values 
for the GGA+U calculations from first principles, using linear response.15 For the hybrid 
functional calculations, we adopt the “parameter-free” PBE0 functional16 and use a recently 
introduced order-N implementation17 based on Maximally localized Wannier functions 
(MLWFs).18 MLWFs are also used also to analyze the bonding properties and the character of 
the localized d states, and the MLWFs from the different electronic structure approaches are 
compared. 
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Following a short description of the computational details in Sec. II, our results for the 
electronic, bonding and magnetic properties of Co3O4 are presented and discussed in Sec. III. 
Summary and conclusions are given in Sec. IV.  
 
2. Methods and computational details 
The DFT-GGA and GGA+U calculations were performed using the plane wave-pseudopotential 
scheme as implemented within the Quantum Espresso package.19 All calculations were spin-
polarized and the exchange-correlation terms were described using the Perdew-Burke-Ernzerhof 
(PBE) functional.20 Norm-conserving Troullier-Martins pseudopotential21,22  were employed;  the 
Co(3d, 4s) pseudopotential included nonlinear core corrections.23 A plane-wave kinetic energy 
cut-off of 120 Ry was chosen, which ensures a good convergence of the computed lattice 
constant (see Table I). Calculations were performed on the 14-atom primitive unit cell of the 
spinel structure. An 8×8×8 k-point grid was used to obtain a well converged sampling of the 
Brillouin zone. 24 
 Table I. Lattice constant (Å) computed at the GGA-PBE level as a function of the plane wave 
kinetic energy cutoff Ecut (in Ry).   
Ecut 70 100 120 150 
Lattice constant 8.01 8.15 8.19 8.20 
  
Calculation of U. We determined the Hubbard U parameter  for the Co2+ and Co3+ ions of Co3O4  
using the linear response approach of Ref.15. In order to avoid possible interference effects 
caused by the periodic boundary conditions, calculations were performed on various supercells 
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with volumes ranging from one to four primitive cells. Converged values of the effective U 
parameter (corresponding to U-J in the original LDA+U formulation)15 are 4.4 and 6.7 eV for 
Co2+ and Co3+, respectively. Our computed U value for Co2+ is very close to that obtained for 
CoO in previous work.25 The fact that the value of U is larger for Co3+ than for Co2+ is due to the 
stronger on-site repulsion in the more contracted d orbitals of ions with higher oxidation state.  
Unless otherwise specified, the above U values for Co2+ and Co3+ are used in all the GGA+U 
(also referred to as PBE+U) calculations of this work.  
PBE0 calculations Hybrid functional PBE016 calculations of the electronic and magnetic 
properties were performed using the approach of Wu et al.17  The PBE0 hybrid functional is 
constructed by mixing 25% of exact exchange (Ex) with the GGA-PBE exchange (EPBEx), while 
the correlation potential is still represented by the corresponding functional in PBE (EPBEc) 
EPBE0xc =(1/4)Ex +(3/4)EPBEx + EPBEc . 
Ex has the usual Hartree-Fock form in terms of one-electron orbitals. In the method of Ref. 17  
this term is expressed in terms of localized Wannier orbitals. These are obtained through an 
unitary transformation of the delocalized Bloch states corresponding to occupied bands (see Sect. 
3.3). In particular, we use maximally localized Wannier functions (MLWFs)18, which are 
exponentially localized. In this way, a significant truncation in both number and size of exchange 
pairs can be achieved in real space. The cutoff value for the truncation of pair-exchange energies 
was set at 10-5 a.u.17 Both the conventional cubic cell with 56 atoms and a tetragonal supercell 
containing 112 atoms (corresponding to twice the conventional cell) were considered, with k-
sampling always restricted to the Γ point. Test calculations performed at the GGA-PBE and 
PBE+U levels showed the consistency of the results obtained with this setup with those obtained 
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using the primitive unit cell and an 8×8×8 k-space mesh, the band gap and band width 
differences between the two setups being  0.03(0.02)  and 0.21 (0.02) eV, respectively, within 
PBE (PBE+U), see Section 3.2.   
3. Results and discussion 
3.1 Structural properties 
Our results for the structural properties of Co3O4 are summarized in Table II.  The lattice 
constant was determined by fitting computed total energies to Murnaghan’s equation of state,26 
with all internal degrees of freedom fully relaxed. Comparison to experiment shows that the 
GGA-PBE lattice constant and bond distances are overestimated by about 1.5 percent.  With 
PBE+U, the overestimate increases to about 2 percent, as found also in other GGA+U studies of 
oxide materials.27,28 
TABLE II. Lattice constant (Å), bulk modulus (GPa), and bond distances (Å) of Co3O4 from 
PBE and PBE+U calculations using the primitive 14-atom unit cell and an 8×8×8 k-point mesh. 
 PBE PBE+U Expt. 
Lattice constant 8.19 8.27 8.08 
Bulk Modulus  199 192 --- 
Distance Co2+-O2-  1.95 1.99 1.93 
Distance Co3+-O2-  1.93 1.95 1.92 
 
For the fully optimized structure, we determined the heat of formation (∆H) at T=298 K relative 
to metallic, ferromagnetic Co in the hcp structure and gas phase O2. For Co, the PBE+U 
reference was obtained by combining the ground state energies at U=4.4 and 6.7eV in a 1:2 ratio; 
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Co was computed to be metallic and ferromagnetic at both values of U.  We found ∆H = -683 
and -815 kJ/mol at the PBE and PBE+U levels, respectively, whereas experimentally values of -
89129 and -91030 kJ/mol have been reported. To avoid the difficulties associated with having two 
different U values for Co, we also performed calculations for Co3O4 using a single value of U for 
both Co2+ and Co3+, namely U = 4.4, 5.9 and 6.7 eV, the value U= 5.9 eV being a 1:2 average of 
4.4. and 6.7 eV. From these calculations, we obtained ∆H= -803, -852, and -884 kJ/mol, 
respectively, indicating that the dependence of the computed ∆H on the value of U is moderate, a 
10% variation for a variation of U of more than 2eV. Comparison between the value of ∆H  
obtained  using  the average U value, U=5.9 eV, and experiment shows  a deviation of the order 
6%. 
 It has been suggested that the difference between theoretical and experimental values of ∆H  
may be often attributed to the overestimate of the O2 binding energy (Eb) given by GGA 
calculations.31  Using the experimental value of Eb, we find ∆Hcorr = -878 kJ/mol at the PBE 
level, in reasonable agreement with the experiment. Instead, using PBE+U with  U=5.9 eV for 
both Co2+ and Co3+,  we obtain  ∆Hcorr = -1047 kJ/mol, which is significantly overestimated in 
comparison to experiment. 
3.2 Electronic properties 
Results of PBE and PBE+U calculations of the electronic band structure along various symmetry 
directions in the Brillouin zone are presented in Fig. 3. Computed direct and indirect gaps at a 
few symmetry points are reported in Table III. Both PBE and PBE+U predict the valence band 
maximum  and the conduction band minimum to occur at the high symmetry point X along the 
[100] direction, thus resulting in a direct minimum band gap at X. The GGA-PBE approach 
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successfully predicts Co3O4 to be a semiconductor but the minimum band gap, 0.3 eV, is 
severely underestimated with respect to the experimental value of 1.6 eV (obtained from 
measurements on films and nanocrystalline samples).7,8 The PBE+U method gives a minimum 
gap of 1.96eV, in satisfactory agreement with the experiment. To test the sentivity of the gap to 
the use of two different U values for Co2+ and Co3+, we also performed calculations with a single 
U for both Co2+ and Co3+. We found a gap of 1.67, 2.02, and 2.16 eV using U = 4.4, 5.9 and 6.7 
eV, respectively. The band gap with the average  U=5.9 eV  value is thus very similar to that 
obtained using two different values of U for the Co2+ and Co3+ ions. . Both PBE and PBE+U 
approaches predict a larger dispersion near the conduction band minimum than at the valence 
band maximum, and therefore a smaller effective mass for electron than for hole states.   
 
FIG. 3. Band structure of Co3O4 obtained by PBE (left) and PBE+U (right) approach. Fermi 
energy is set to 0.  
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Figure 4 displays the GGA-PBE and PBE+U partial densities of states (PDOS) obtained by 
projecting the Kohn-Sham states onto atomic orbitals centered on the various cobalt and oxygen 
ions.  The GGA-PBE results show a splitting of the valence band in two sub-bands. The sub-
band at lower energies is dominated by O 2p states, while the upper one originates primarily 
from Co3+ d states, especially in proximity of the valence band edge.  In the upper valence band, 
smaller contributions from oxygen states and Co2+ d states are also present, with a Co2+ peak 
around -2.5 eV. These features are in qualitative agreement with results of photoemission 
experiment performed on a Co3O4 film epitaxially grown on CoO(100).32 The bottom of the 
conduction band shows contributions of both Co2+ and Co3+ d states, with a similar weight. 
 
FIG. 4. Total and projected density of states from PBE (top) and PBE+U (bottom) calculations. 
Fermi energy is set to 0. 
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In the PBE+U results, the total valence bandwidth, 8.33 eV, is similar to that given by GGA-
PBE, 8.20 eV. At variance with the pure PBE case, however, no clear splitting of the valence 
band is present. The contributions from O 2p, Co3+ d and Co2+ d states in the PDOS are spread 
with similar weights throughout the valence band, indicating a stronger hybridization with 
respect to the PBE case. This can be attributed to a stabilization of the cobalt d orbitals relative to 
the O 2p and 2s states.  The band gap is much wider than in GGA-PBE, and at the bottom of the 
conduction band the largest contribution originates from the Co3+ d states.  
TABLE III. Direct and indirect band gaps (in eV) at various symmetry k-points,  from PBE and  
PBE+U calculations. As a comparison, the minimum gap obtained from PBE0 calculations is 
3.42 eV, while experiments found 1.60 (Ref.7) and 1.65 eV (Ref. 8). 
Band gap PBE PBE+U 
Г->Г 1.39 3.25 
X->Г 0.94 2.81 
Г->X 0.75 2.41 
X->X 0.30 1.96 
 
Calculations based on the PBE0 hybrid functional were performed at the Г point of a tetragonal 
supercell containing 112 atoms, which includes the X point of the primitive cell. The 
experimental lattice constant and geometry were employed. For a more direct comparison, 
calculations using the same setup were performed also at the PBE and PBE+U levels. Both the 
valence bandwidth (9.48 eV) and the band gap (3.42 eV) obtained with the PBE0 functional are  
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larger than those given by PBE (8.41 and 0.33 eV, respectively) and PBE+U (8.35 and 1.94 eV), 
a trend observed for other oxide semiconductors as well, see, e.g., Refs. 33 and 34.  This trend, 
however, appears to be amplified in the present case, resulting in a substantial overestimate of 
the computed band gap with respect to the experiment. 
3.3 Bonding properties   
Numerous studies have shown the effectiveness of maximally-localized Wannier functions 
(MLWFs) for the analysis of the electronic and bonding properties of crystalline materials.35,36 In 
particular, the Wannier centers and the shapes of MLWFs have been found to provide useful 
insights into the nature of chemical bonds in a variety of compounds. To investigate the bonding 
properties of Co3O4, we determined the MLWFs at the PBE, PBE+U and PBE0 levels, using the 
algorithm developed by Sharma et al.37 We considered the conventional 56-atom cubic supercell 
and restricted k-space integration to Γ only. Our results are summarized in Table IV.  
Independent of the approach used to describe the electronic structure, we found 6 and 7 singly 
occupied d-type Wannier functions whose centers are very close to each cobalt ion at an 
octahedral and tetrahedral site, respectively. Since with our pseudopotential a neutral Co should 
have 9 valence electrons,  this means that the charge states of the cobalt ions at octahedral and 
tetrahedral sites  are  Co3+ and Co2+, respectively, in full agreement with their expected oxidation 
states. Similarly, we found 4 pairs of Wannier centers (WCs) in proximity of each oxygen ion 
(see Figure 5), indicating an O2- charge state, in agreement with the formal oxidation state of 
oxygen ions. The simple connection between Wannier centers and ionic oxidation states is quite 
remarkable. Standard computational approaches for characterizing oxidation states are based on 
electron population analyses, in which the occupied electronic states are projected onto atom-
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centered orbitals. It is known, however, that these methods depend significantly on the basis set 
chosen and often yield charges that cannot be directly related to the oxidation states.38-40 In fact, 
if we integrate the occupied PDOS for Co3+ and Co2+ (e.g. the DOS computed at the PBE level in 
Fig.4), we find more electrons on Co3+ (7.98) than on Co2+ (7.70), in obvious contrast with the 
expected oxidation states, simply because the Co3+ ions are coordinated to a larger number of 
oxygens, and therefore more electrons from Co-O bonds are around them. This clearly shows 
that projections onto atomic-like states are inadequate for the identification of oxidation states. It 
was recently pointed out that optimally-localized orbitals, such as MLWFs in the case of 
crystalline systems, can instead provide a reliable estimate of oxidation states.41  This is 
confirmed by our results for Co3O4, for which the analysis of Wannier centers unambiguously 
identifies cobalt ions in +2 and +3 oxidation states. 
 
FIG. 5. Wannier Centers of Co3O4. Light cyan, navy blue and red balls indicate Co2+, Co3+ and 
O2- ions respectively. Green small balls indicate Wannier Centers near O2- ions. Wannier centers 
very close to Co ions are almost overlap with Co ions so that can not been seen in this figure.   
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TABLE IV. Type and number of Wannier functions for each ion, spreads Ω of MLWFs (in a02), 
average energy EMLWF of MLWFs (in eV) relative to the energy of Co2+ t2g. Results of PBE, 
PBE+U and PBE0 calculations are listed. 
 
MLWF type 
 
No. 
PBE PBE+U PBE0 
Ω EMLWF Ω EMLWF Ω EMLWF 
 
       
Co3+ t2g 6 0.66 1.1 0.47 2.2 0.46 0.6 
Co2+ t2g majority Spin 3 0.76 0.0 0.51 0.0 0.54 0.0 
Co2+ eg majority Spin 
Co2+ eg minority Spin 
2 
2 
0.53 0.6 0.45 1.1 0.45 0.8 
0.71 1.9 0.51 2.3 0.53 2.6 
Co3+-O sp3d 6 0.66 -5.9 0.64 -4.7 0.59 -5.6 
Co2+-O sp3d 2 0.64 -6.8 0.61 -5.4 0.57 -6.2 
 
The Wannier centers of Co3O4 are shown in Figure 5. The oxygen WCs are located along the 
directions connecting each oxygen ion to its four nearest neighbors, so as to form a somewhat 
distorted tetrahedron, suggesting that the bonding has a partially covalent character. This is 
confirmed by the explicit form of the Wannier functions. From Table IV and Figure 6, we can 
see that the Wannier functions can be classified in 6 different types. These include d states of t2g 
symmetry localized on Co3+ and Co2+ ions, d eg  states for majority and minority spins on Co2+ 
ions, and Wannier functions with the character of sp3d bonds both between Co3+ and  O2-  and 
between  Co2+ and O2- ions. These MLWFs show that the bonding character of Co3O4, although 
mainly ionic, has also a small covalent component. This is in agreement with earlier work 
indicating that covalent bonds are essential to cation ordering in the spinel structure.42 
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FIG. 6. Isosurfeces of charge density of 6 types of MLWFs. Value of isosurfaces is 1% of 
maximal value. Co and O ions are denoted by blue and red balls respectively.  
 
It is interesting to examine the MLWFs’ spreads in Table IV.  The d-type and sp3d bonding 
MLWFs have similar spreads at the PBE level, whereas the PBE+U and PBE0 calculations 
predict that the spreads of the d-type MLWFs are smaller than those of the sp3d bonding orbitals. 
For the latter, the spreads obtained from PBE and PBE+U calculations are rather similar, 
whereas those given by PBE0 are smaller. Altogether, PBE0 leads to a stronger localization of 
all orbitals relative to PBE, whereas the main differences between PBE+U and PBE concern the 
localization of the d orbitals. We also notice that at all electronic structure levels the average 
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spread of the Co2+ d orbitals is larger than the d orbital spread for the Co3+ ions. This is  
consistent with  the larger  value of U found for Co3+ in comparison to that  for Co2+ (see Sect. 
II). 
In Table IV we also report the average energies EMLWF of the various MLWFs relative to the 
energy of Co2+ t2g . EMLWF is defined as 
2i j
MLWF ij KS
j
E A E=∑  (1) 
where A is the unitary transformation matrix between MLWFs, ΨMLWF , and Kohn-Sham states, 
ΨKS 
i j
MLWF ij KS
j
Aψ ψ=∑  (2) 
As shown in Fig. 2, crystal field theory predicts doubly occupied eg orbitals for Co2+ ions. Instead, 
we find that the Co2+ eg orbitals are split into different spin-orbitals due to the exchange 
interaction between eg and singly occupied t2g states (see Fig. 7). PBE0 gives the largest splitting, 
2.2eV, whereas PBE and PBE+U give splittings of 1.3 and 1.2 eV, respectively. Also different 
from crystal field theory, the Co2+ eg orbitals are higher in energy than the Co2+ t2g orbitals. For 
the minority eg spin-orbitals, the higher energy can be attributed to the lack of exchange 
interaction with the t2g orbitals. For the majority eg spin-orbitals, the higher energy is likely 
caused by the Hartree repulsion with the minority spin eg orbitals. As shown in Fig. 6, there is 
indeed a strong overlap between majority and minority spin eg orbitals. Thus the main 
contribution to the Co2+ atomic magnetic moment comes from the three singly occupied t2g 
orbitals and the resulting moment is close to three.  
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FIG. 7. Schematic diagram of relative energies of 6 types MLWFs 
 
 
3.4 Magnetic properties 
The magnetic properties of Co3O4 originate from the atomic magnetic moments of Co2+ ions 
(µCo2+). Experimentally µCo2+ = 3.26µB, where the part in excess of 3 is due to the spin-orbit 
coupling.5 Computed values of µCo2+ are listed in Table V.  PBE+U and PBE0 predict larger 
values of µCo2+ with respect to PBE, in better agreement with the experiment. Since the Co2+ 
magnetic moment is associated to localized d electrons, this improvement comes from the partial 
correction of the PBE delocalization error within PBE+U and PBE0. 
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Couplings between atomic magnetic moments are weak in Co3O4, as implied by its low Neel 
temperature, and may not have a strong impact on the material properties at room temperature. 
We estimated the coupling parameter J1 between nearest neighbor Co2+ ions from the total 
energy difference between the anti-ferromagnetic and ferromagnetic solutions in the primitive 
cell using the Heisenberg spin Hamiltonian 
1 i j
ij
H J S S
→ →
= − ⋅∑  (3) 
where i and site j denote nearest neighbor sites. There are 4 nearest neighbor pairs in a primitive 
cell, and therefore J1 can be expressed as 
1 2
1 1 1 ( )
2 4 AFM FM
J E E
S
= ⋅ ⋅ −
 (4) 
where 3
2
S = . Computed values of J1 are reported in Table V. PBE and PBE0 calculations 
correctly predict the antiferromagnetic phase to be more stable than the ferromagnetic one; 
however the absolute value of the computed J1 is much larger than the experimental one. By 
contrast, we found that PBE+U favors the ferromagnetic solution; therefore the computed J1 has 
opposite sign with respect to the experiment.  
 
TABLE V. Atomic magnetic moment of Co2+, µCo2+ (in µB), and exchange coupling between 
nearest neighbors, J1 (in eV), as given by PBE, PBE+U and PBE0 calculations. 
 PBE PBE+U PBE0 Expt. 
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µCo2+ 2.64 2.84 2.90 3.26 (Ref. 5) 
J1 -2.5×10-3 1.0×10-4 -5.0×10-3 -6.26×10-4 (Ref. 43) 
 
 
FIG. 8. Antiferromagnetic configuration and coupling coefficient of Co3O4. J1 corresponds to 
magnetic coupling between nearest Co2+ neighbors and J2 corresponds to second nearest 
neighbors.   
 
4. Summary and conclusions 
In this work, we have studied the bulk properties of the spinel cobalt oxide Co3O4 using density 
functional theory at the PBE, PBE+U and PBE0 levels. The U parameters for the PBE+U 
calculations were determined from first principles,15 resulting in 4.4 and 6.7 eV for Co2+ and 
Co3+, respectively. The PBE0 calculations were carried out using an order-N method based on 
Maximally Localized Wannier Functions (MLWFs).17  The GGA-PBE correctly predicts Co3O4 
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to be a semiconductor, but severely underestimates the band gap.  The PBE+U band gap (1.96 
eV) agrees well with the available experimental value (~ 1.6 eV), whereas the band gap obtained 
using the PBE0 hybrid functional (3.42 eV) is strongly overestimated with respect to the 
available experimental data.  While there is in principle no reason why the PBE0 functional 
should give a band gap in agreement with the experiment, the present result for Co3O4 is 
somewhat disappointing, as this functional has been found to yield satisfactory band gaps in 
several cases.44,45  
MLWFs were used also to investigate the bonding properties of Co3O4. Independent of the 
electronic structure approach, we found 7 and 6 singly occupied d-type Wannier functions whose 
centers are very close to each cobalt ion at a tetrahedral and octahedral site, respectively. This is 
a clear indication that these ions have Co2+ and Co3+ oxidation states, in agreement with the 
formal oxidation states derived from simple chemical arguments. Besides d-type MLWFs on the 
cobalt ions, there are also Wannier functions with the character of sp3d bonds between cobalt and 
oxygen ions. Such hybridized bonding states imply the presence of a covalent component in the 
primarily ionic bonding character of Co3O4.   
In agreement with experiment and consistent with crystal field theory (Fig.2), the computed 
magnetic structure is characterized by 3 unpaired spins on the Co2+ ions and a weak coupling 
between the atomic magnetic moments. Due to the inclusion of exchange and correlation 
interactions in our calculations, however, the spin energy level distribution derived from the 
average energies of the d-type MLWFs (Fig.7) is quite different from the one given by simple 
crystal field theory. Both the PBE+U method and the hybrid PBE0 functional yield values of the 
magnetic moments which agree well with the experiment. This is an indication that these 
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approaches provide a satisfactory description of the cobalt localized d states and, more generally, 
of the ground state properties of Co3O4. 
  
Acknowledgement 
We are pleased to thank M. H. Cohen, P. Sit, F. Zipoli and R. Car for useful discussions on 
Wannier functions. This work was supported by DoE-BES, Division of Materials Sciences and 
Engineering under Award DE-FG02-06ER-46344, and Division of Chemical Sciences, 
Geosciences and Biosciences  under  Award  DE-FG02-05ER15702.We acknowldege use of the 
TIGRESS high performance computer center at Princeton University which is jointly supported 
by the Princeton Institute for Computational Science and Engineering and the Princeton 
University Office of Information Technology. 
 
 
 
REFERENCES 
1
 F Jiao and H Frei, Angewandte Chemie International Edition 48, 1841-1844 (2009). 
2
 Linhua Hu, Qing Peng, and Yadong Li, Journal Of the American Chemical Society 130, 16136-
16137 (2008). 
3
 W Li, L Xu, and J Chen, Advanced Functional Materials 15, 851-857 (2005). 
4
 Xiaowei Xie, Yong Li, Zhi-Quan Liu, Masatake Haruta, and Wenjie Shen, Nature 458, 746-749 
(2009). 
                                                                                          22 
 
5
 W L Roth, Journal Of Physics and Chemistry Of Solids 25, 1-10 (1964). 
6
 Kunihito KOUMOTO and Hiroaki YANAGIDA, Journal Of the American Ceramic Society 64, 
C-156-C-157 (1981). 
7
 V R Shinde, S B Mahadik, T P Gujar, and C D Lokhande, Applied Surface Science 252, 7487-
7492 (2006). 
8
 Kwang Joo Kim and Young Ran Park, Solid State Communications 127, 25-28 (2003). 
9
 Xiang-Lan Xu, Zhan-Hong Chen, Yi Li, Wen-Kai Chen, and Jun-Qian Li, Surface Science 603, 
653-658 (2009). 
10
 Aron Walsh, Su-Huai Wei, Yanfa Yan, M M Al-Jassim, John A Turner, Michael Woodhouse, 
and B A Parkinson, Physical Review B 76, 165119 (2007). 
11
 Aron J Cohen, Paula Mori-Sanchez, and Weitao Yang, Science 321, 792-794 (2008). 
12
 Vladimir I Anisimov, Jan Zaanen, and Ole K Andersen, Physical Review B 44, 943-954 
(1991). 
13
 Axel D Becke, The Journal Of Chemical Physics 98, 1372-1377 (1993). 
14
 Carlo Adamo and Vincenzo Barone, The Journal Of Chemical Physics 110, 6158-6170 (1999). 
15
 Matteo Cococcioni and Stefano de Gironcoli, Physical Review B 71, 35105 (2005). 
16
 John P Perdew, Matthias Ernzerhof, and Kieron Burke, The Journal Of Chemical Physics 105, 
9982-9985 (1996). 
17
 Xifan Wu, Annabella Selloni, and Roberto Car, Phys. Rev. B 79, 85102 (2009). 
18
 Nicola Marzari, Ivo Souza, and David Vanderbilt, Psi-K Newsletter 57, 129 (2003). 
19
 Paolo Giannozzi, Stefano Baroni, Nicola Bonini, Matteo Calandra, Roberto Car, Carlo 
Cavazzoni, Davide Ceresoli, Guido L Chiarotti, Matteo Cococcioni, Ismaila Dabo, Andrea Dal 
Corso, Stefano de Gironcoli, Stefano Fabris, Guido Fratesi, Ralph Gebauer, Uwe Gerstmann, 
Christos Gougoussis, Anton Kokalj, Michele Lazzeri, Layla Martin-Samos, Nicola Marzari, 
Francesco Mauri, Riccardo Mazzarello, Stefano Paolini, Alfredo Pasquarello, Lorenzo Paulatto, 
Carlo Sbraccia, Sandro Scandolo, Gabriele Sclauzero, Ari P Seitsonen, Alexander Smogunov, 
Paolo Umari, and Renata M Wentzcovitch, Journal Of Physics: Condensed Matter 21, 395502 
(2009). 
20
 John P Perdew, Kieron Burke, and Matthias Ernzerhof, Physical Review Letters 77, 3865 LP  - 
3868 (1996). 
                                                                                          23 
 
21
 D R Hamann, M Schlüter, and C Chiang, Phys. Rev. Lett. 43, 1494-1497 (1979). 
22
 N Troullier and José Luriaas Martins, Phys. Rev. B 43, 1993-2006 (1991). 
23
 Steven G Louie, Sverre Froyen, and Marvin L Cohen, Phys. Rev. B 26, 1738-1742 (1982). 
24
 Hendrik J Monkhorst and James D Pack, Phys. Rev. B 13, 5188-5192 (1976). 
25
 W E Pickett, S C Erwin, and E C Ethridge, Phys. Rev. B 58, 1201-1209 (1998). 
26
 F D Murnaghan, Proceedings Of the National Academy Of Sciences Of the United States Of 
America 30 , 244-247 (1944). 
27
 Christoph Loschen, Javier Carrasco, Konstantin M Neyman, and Francesc Illas, Physical 
Review B 75, 35115 (2007). 
28
 Juarez L F Da Silva, M Verónica Ganduglia-Pirovano, and Joachim Sauer, Phys. Rev. B 76, 
125117 (2007). 
29
 D. R. Lide, CRC Handbook Of Chemistry and Physics (CRC, Boca Raton, 2008). 
30
 edited by W. G. Mallard and P. J. Linstrom, NIST Chemistry WebBook (National Institute of 
Standards and Technology, Gaithersburg, MD, 2003). 
31
 Lei Wang, Thomas Maxisch, and Gerbrand Ceder, Physical Review B 73, (2006). 
32
 M A Langell, M D Anderson, G A Carson, L Peng, and S Smith, Physical Review B 59, 4791 
LP  - 4798 (1999). 
33
 Frederic Labat, Philippe Baranek, Christophe Domain, Christian Minot, and Carlo Adamo, 
The Journal Of Chemical Physics 126, 154703 (2007). 
34
 J Paier, M Marsman, K Hummer, G Kresse, I C Gerber, and J G Angyan, The Journal Of 
Chemical Physics 124, 154709 (2006). 
35
 Michel Posternak, Alfonso Baldereschi, Eric J Walter, and Henry Krakauer, Physical Review 
B 74, 125113 (2006). 
36
 Michel Posternak, Alfonso Baldereschi, Sandro Massidda, and Nicola Marzari, Physical 
Review B 65, 184422 (2002). 
37
 M Sharma, Y Wu, and R Car, International Journal Of Quantum Chemistry 95, 821-829 
(2003). 
38
 Raffaele Resta, Nature 453, 735 (2008). 
                                                                                          24 
 
39
 Hannes Raebiger, Stephan Lany, and Alex Zunger, Nature 453, 763-766 (2008). 
40
 Martin Jansen and Ulrich Wedig, Angewandte Chemie International Edition 47, 10026-10029 
(2008). 
41
 Alex J W Thom, Eric J Sundstrom, and Martin Head-Gordon, Physical Chemistry Chemical 
Physics 11, 11297-11304 (2009). 
42
 J B Goodenough and A L Loeb, Physical Review 98, 391 LP  - 408 (1955). 
43
 D. Scheerlinck and S. Scheerlinck, Physica Status Solidi (b) 73, 223-228 (1976). 
44
 M Marsman et al, Journal Of Physics: Condensed Matter 20, 64201 (2008). 
45
 Xifan Wu, Eric J Walter, Andrew M Rappe, Roberto Car, and Annabella Selloni, Phys. Rev. B 
80, 115201 (2009).  
 
